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OCCULTATION GEOMETRY AND THE ABEL TRANSFORM
LEO OBSERVING A GPS SATELLITE

Tangent Point

* Assuming spheriéal symmetry:
Forward propagation vael inversion
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OBTAINING GEOPHYSICAL VARIABLES FROM REFRACTIVITY

Dry Moist lonosphere
N = (n-1)x10° = 7.6k + 3.13x10°7% — 40.3x10°%%

+ higher order ionospheric terms

« Equation of state n = index of refraction
| P g = refractivity
_ = pressure
p= 0'3484'1" T = temperature

Pw = water vapor pressure
. —_ ne = electron density
* Hydrostatic equilibrium equation f = operating frequency
9P - _gp h = height
— ‘ =
ok ¢ = gravitational acceleration
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Key GPS Features

GPS constellation provides 24 occultation signal source at 20,000 km altitude and ~550
inclination

24 GPS sources plus a single GPS receiver in low Earth orbit yield 400 to 100 globally
distributed, daily occultations

Small, simple, inexpensive and low power receiver instrumentation

Density of occultations increased ' itional receivers (an jtters) in orbit

Remote Sensing Characteristics
S_ir_ngﬁtechnique
Very accurate measurement of atmospheric delay (1 part in 106 near surface)
Low optical depth and insensitivity to condensed water at ~20 cm wavelengths

High vertical resolutiop of Fresnel diffraction (~1 km)

=> Accurate, routine limb sounding of troposphere

Observations provide very accurate temperature and geopotentja] estimates in stratosphere and
cold troposphere (T<250 K) ‘

Observations should yield accurate estimates of water vapar in the warmer regions of the mid-
to lower troposphere
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Figure 1. Sensitivity of T4 7 (solid), T7 3 (dotted), and Tg 3
(dashed) to local perturbations in relative humidity in thin  ansfe
layers equally spaced in the logarithm of pressure (Alnp =dp/  proade
p = 0.04). The curves are normalized such that the sum of ooy
weights over pressure is equal to unity.

corresponding clear-sky radiosonde climatology conmtaining  idealiz

the identical sampling restrictions present in the satellite data. = and di
. This stady suggested that the restriction to clear and partially  the rar

cloudy conditions introduces a slight dry bias into the TOVS  sensiti

climatology, typically about 4% and usually less than 10%  tempe:

when expressed in terms of the relative humidity. We note,

however, that these results were heavily weighted toward the
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Presentation to NASA Headquarters on GPS Occultation Qbservations

Ground Network: Geometry for calibrating clock errors
. GPS,
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Ionosphere Calibration

GPS has two signal frequencies to calibrate the dispetsive ionospheric refractivity, ~1/f2, where f is the radio signal frequency.
Upward Looking Receiver:
o The ionosphere free path length is L=c¢L,-(c,-1)L,

where L is the optical path length along a signal path defined as Low = L. rRdl = .L (14Nl
Lj and L; are the optical path lengths at the two GPS signal frequencies, 1.57542 and 1.2276 GHz respectively

the coefficient, ¢, = (1-#/g) ' equals 2.5457...

Occultstion Receiver:
o The ionosphere-free bending is Qpiral @) = €; 0(a) — (C,- - 1) o(a) ()
where a; and o, are the total bending angles for the two GPS signal frequencies.

¢ In the occultation geometry, the dispersive refractivity causes the two GPS signal paths to separate.

* An solution developed by Vorob'ev and Krasil'nikova [1993] based on separating the charge-neutral atmosphere and
ionospheric bending angle contributions (assuming a spherically symmetric index of refraction) :

- dn - dn
' —4 dr —< dr
of@@) = 2a dr + 2 403 dr

a
o Lo ; (nnmr )2 -a fz o L™ ‘\/-(-nmrr )2 -a .

e Application of (1) requires interpolation from the discrete set of o(a;) to the set of a; values.



Bending of signal as a function of height from surface
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Estimated Accuracy of Specific Famidity “TERTIVS
N L q{&(_ﬁ_- H oy
» Specific humidity (water vapor mass mixing ratio): m\P

o Changes in ¢, pressure P, temperature T and retrieved refractivity N are related:

dq = (C + q)%v (C + 2q)d7T (C + q)‘j,‘,D

where Cis 77.6 Tm_/3.73eSm, [C =32 g/kg at 230K, =39 g/kg at 300 K]

o Assuming independent errors in N, T and the surface pressure, Ps, yields
o g Ik
Gy \? 2[ G
Cq = (C + Q)Z(—Iév-) + (C + ZQ) (-TTT)

o Op |’
+ (C + q) 2
e RMS error in ¢ varies little ranging fro

2

s

S
® Near surface ¢ error has largest contribution by N error (» \"0\

e Higher altitude ¢ error dommated by the T error

e Mean specific humidity, 4, accuracy is limited by mean T error
(€r ~0.5K =>&; ~ 0.1 g/kg)
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Separation of True Variability and Errors
Each observation can be decomposed into a true value plus an error such that the

q from ECMWF (=qg) and that derived from GPS refractivity plus the ECMWF
temperatures (= qg) can be written as

dr =q+q +E +&
dc =4 +q + & +¢€g

where € and € are the errors in the gz and qg estimates and overbars and
primes refer to the zonal mean and variable parts of each term respectively.

The difference between the q estimates (= Aq) is

| Ag = qo—qr = Eg+Ec—E~ €}



The variance of the ECMWF and GEW g estimates and their differences can be
written as

0% = q°+2q€, +€2 (1a)
Ol = c?+2ﬂ+£'"é (1b)
02, = €%—2€€, +£% (1c)

(la-c) prov1de three constraints sufficient to isolate the true varlablhty, the error
in the qg estimates and the error in the qg estimates if the correlation terms
are small. The three combinations which would do so are

%(635 +056— qu) = ¢+ q€ + €+ T (2a)
_1_ 2 T ol =L 2b
5\ Ok — Gl + Ohg) = ¢} et qE€p—qe€s—€x€s = Lg (2b)
%—( G;’;E+ch+GAq) = €% - qe€r+qes;—€4€; = Lg (2¢)
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Diff var of q (g/kg) [Occ — ECMWF] June 21-23 & June 27-July 4 1995
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ictions and analyses
conf. 1998)

How to use a set of measurements to improve the estimate of the atmospheric state in a thodel
Approach:  Define a penalty function and minimize it b

y adjusting the model variables.
Assuming errors are Gag;gim, the maximum likelihood penalty functjop is then

. |
E®) = (Yon - y(x)% S, ‘sy,,,,, -y(0) + (x- )8, (x-x,)
where: y,, is the vector of measttements. pert wode| pe
y(x) is the simulated measurements based on the model state vector X,

X, is the apriori model state vector and S, is its expected error covariance.
S, is the measurement efror covariance plus the covariance of the forward model.

il . 4 L .“ T )
Minimizigg &(r) means finding x such that
L ]

VE®) = §'(x-x) - K'S; (¥~ y0) =0

Assimilation of GPS data into weather thlesd

(from Palmer, Barnett and Eyre,
Problem:

where Kis V,y.

AR

y(x) is in general nonlinear such that we must linearize y(x) and iterate to find the solution which is
1
Xns1 = Xn — [H xg(x)T ng(xn)

where n is the iteration index and H is the Hessian operator which is obtained by' differentiating V &(x,) again:

HE(x) = S;' +K'S;'K
b ] l‘
The efror covariance of x is §= [S;’+KTS;'K]-
""N-—----_..‘
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MEAN OF SPECIFIC HUMIDITY FRACTIONAL DIFFERENCE ((Bkgd—Soln)/Soln)
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STD.DEV. OF SPECIFIC HUMIDITY FRACTIONAL DIFFERENCE ((Bkgd—Soln)/Soln)
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SPECIFIC HUMIDITY IMPROVEMENT
sqrt(var solution/var background)
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MEAN OF TEMPERATURE DIFFERENCE (Background — Solution)
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STD.DEV. OF TEMPERATURE DIFFERENCE (Background — Solution)
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TEMPERATURE IMPROVEMENT
sqrt(var solution/var background)
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PRESSURE IMPROVEMENT, sqrt(var solution/var background)
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